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SECTION  I 
INTRODUCTION 

OBJECTIVE 

The  requirement  for  oxygen  to  be  carried  onboard  military  aircraft  causes 
a  significant  increase  in  the  potential  fire  hazard  when  these  aircraft  are 
involved  in  accidents.  All  flammable  materials  burn  more  readily  in  an 
oxygen-enriched  atmosphere  (OEA)  than  in  air.  The  inadvertent  release  of 
oxygen  in  several  recent  military  aircraft  incidents  involving  fire  signifi¬ 
cantly  increased  the  complexity  of  fire  management  and  extinguishment  of  these 
fires.  The  present  method  of  mass  application  of  Aqueous  Film-Forming  Foam 
(AFFF)  has  failed  to  control  these  types  of  fires.  The  lack  of  data  concern¬ 
ing  the  performance  of  materials  and  agents  in  an  OEA  is  such  that  choosing 
the  most  satisfactory  agent  for  firefighting  is  not  possible. 

The  objective  of  this  effort  was  to  conduct  analytical  and  experimental 
tasks  to  define  the  optimum  fire  suppressant  to  extinguish  fires  in  an  OEA 
inside  a  crashed  airframe.  In  addition,  guidelines  to  be  used  in  fighting 
fires  with  or  without  oxygen  enrichment  were  to  be  developed  for  firefighters, 
based  on  the  information  gathered. 

SCOPE 

An  initial  attempt  was  made  to  determine  extinguishing  agent  requirements 
based  on  analytical  methods  and  experimentally  determined  combustion  proper¬ 
ties  of  materials.  Following  an  extensive  literature  review  and  initial 
tests,  this  approach  was  abandoned  in  favor  of  an  empirical  approach  which 
more  faithfully  considered  the  complex  interactions  which  might  be  expected  in 
a  crashed  aircraft  fire. 

A  program  was  established  to  quantitatively  measure  the  agent  require¬ 
ments  for  suppression  and  inertion  of  various  fuels  in  atmospheres  ranging 
from  less  than  20  percent  oxygen  to  100  percent  oxygen  using  small-scale  labo¬ 
ratory  experiments.  This  was  followed  by  verification  and  extension  of  the 
obtained  results  in  medium-scale  experiments.  Large-  and  full-scale  experi¬ 
ments,  using  aircraft  sections  and  complete  aircraft,  were  performed  to  demon¬ 
strate  the  validity  of  the  smal ler-scale  test  results.  Only  those  agents 
identified  as  effective  in  the  smal ler-scale  tests  were  used  in  the  large-  and 
full-scale  tests. 


SECTION  II 

LITERATURE  REVIEW  AND  THEORETICAL  CONSIDERATIONS 


LITERATURE  SUMMARY 

The  literature  search  included  a  review  of  previous  research  in  the  areas 
of  ignition  and  fire  propagation,  burning  materials,  extinguishing  agents  and 
systems,  and  the  fire  hazards  presented  in  an  OEA.  The  citations  came  primari 
ly  from  the  aerospace  agencies  and  industries  with  a  few  from  the  aircraft 
firefighting  and  nuclear  communities.  Appendix  A  contains  an  annotated  bib¬ 
liography  of  citations  pertinent  to  this  effort. 

Several  articles  reviewed  the  nature  of  the  combustion  process  in  an  OEA, 
including  ignition  temperatures,  flame  temperatures,  and  flame  propagation 
rates  for  various  materials.  These  citations  were  used  in  the  attempt  to 
develop  an  analytical  solution  to  the  agent  requirement  in  an  OEA.  The  sig¬ 
nificant  citations  are  discussed  in  detail  in  this  section  under  the  heading, 
Empirical  Approach. 

Two  reports  were  used  extensively  to  set  up  and  conduct  the  small-scale 
empirical  test  program.  Reference  I  describes  the  standard  apparatus  and 
technique  for  measuring  Hal  on  concentration  requirements  adopted  by  the  NFPA. 
Data  for  Halon  1211,  1301,  and  2402  in  air  for  a  variety  of  fuels  and 
Halon  1211  at  elevated  oxygen  concentrations  are  presented.  This  provided  an 
excellent  base  from  which  to  verify  the  procedures  and  expand  the  scope  of  the 
experiment  for  the  test  program.  Reference  2  reviews  the  use  of  Halon  1301  as 
a  fire  suppressant  in  a  spacecraft  environment.  Test  procedures  and  apparatus 
for  measuring  the  ignitability  of  materials  in  various  atmospheres  are  also 
presented.  This  procedure  appears  to  provide  a  more  realistic  and  more  dif¬ 
ficult  fire  suppression  problem  than  does  the  apparatus  described  in  Refer¬ 
ence  1.  Again,  the  published  data  provided  a  comparable  basis  upon  which  to 
expand. 


EMPIRICAL  APPROACH 

A  test  program  to  empirically  determine  the  agent  requirements  and 
application  methods  in  an  OEA  was  developed.  This  test  program  consisted  of  a 
series  of  experiments  beginning  with  small-scale  laboratory  tests  and  progres¬ 
sively  increasing  to  full-scale  wide-body  airframe  fires.  This 
program  structure  allowed  precise  quantitative  data  obtained  in  a  controlled 
laboratory  environment  to  be  applied  to  progressively  larger,  more  complex, 
and  less  controllable  fire  environments.  Four  test  scales— small,  medium, 
large,  and  full  were  used. 

Small-scale  laboratory  experiments  allowed  for  the  study  of  the  effects 
of  atmosphere  composition,  temperature,  pressure,  and  fuel  type  on  agent 
requirements  for  fire  suppression  and  ignition  prevention.  In  these  testSjthe 
OEA  environment  was  precisely  measured  and  controlled,  providing  a  parametric 
study  of  its  effect  on  agent  requirements.  Because  of  the  small  scale,  a 
large  number  of  tests  were  economically  performed.  Two  types  of  apparatus 
were  used  and  are  shown  in  detail  in  Section  III.  The  classical  cup  burner 
apparatus  described  in  Reference  1  provided  an  accepted  means  of  measuring 
agent  concentration  requirements  for  flame  extinguishment.  However,  these 
experiments  did  not  faithfully  represent  some  of  the  characteristics  expected 
in  aircraft  fires,  such  as  deep-seated  fires  and  persistent  heat  sources. 

There  was  also  some  question  concerning  the  effects  of  flame  stability  in  a 
flowing  atmosphere  on  agent  requirements  .^particularly  in  an  OEA.  A  photograph 
of  the  cup  burner  apparatus  used  by  NMERI  is  shown  in  Figure  1.  The  static 
chamber  apparatus  similar  to  that  described  in  Reference  2  provided  an  alter¬ 
native  means  of  measuring  agent  requirements  in  an  OEA.  Front  and  rear  views 
of  the  NMERI  static  chamber  are  shown  in  Figure  2.  The  electric  ignitor  coil 
used  in  these  tests  simulates  the  presence  of  a  deep-seated  fire,  hot  metal, 
or  other  persistent  heat  source  and  the  test  results  more  realistically 
indicate  agent  requirements  to  suppress  the  fire,  prevent  its  spread,  and 
prevent  reignition.  The  small-scale  experiments  were  limited  to  the  Halons 
and  other  gaseous  agents  for  two  reasons.  First,  the  Halons  are  the  most 
efficient  agents  available  and  agent  efficiency  is  an  important  factor  when 
responding  to  a  remote  location  such  as  an  aircraft  crash  site.  Second,  other 
agents  such  as  water,  AFFF,  and  dry  chemicals  could  be  more  realistically 
tested  in  larger-scale  experiments. 
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The  medium-scale  experiments  were  designed  to  maintain  control  over 
atmosphere  composition  while  Increasing  the  scale  of  the  test  fires.  The 
purpose  of  these  tests  was  to  verify  the  agent  requirements  predicted  by  the 
small-scale  tests  and  develop  scaling  criteria  for  Increased  fire  size.  The 
apparatus  consisted  of  a  horizontal  culvert  (Figure  3)  closed  at  one  end  where 
the  atmosphere  and  agents  were  Introduced.  Fires  were  located  near  the  closed 
end  of  the  culvert.  In  many  ways,  the  medium-scale  apparatus  was  similar  to 
the  cup  burner  apparatus  used  In  the  small-scale  tests.  Again  due  to  scale 
and  apparatus  design,  multiple  tests  were  possible. 

The  large-scale  experiments  were  conducted  In  the  forward  section  of  a 
B-52  fuselage  (Figure  4).  The  experiment  was  designed  to  test  agents  in 
realistic  small -compartment  aircraft  fires  and  to  evaluate  additional  agents 
and  application  techniques.  Oxygen  release  simulated  the  rupture  of  an  oxygen 
supply  line  at  maximum  pressure.  The  fires  generated  were  also  realistic. 
Involving  a  multitude  of  Internal  aircraft  components  and  materials.  Because 
of  the  resulting  damage,  only  a  limited  number  of  large-scale  tests  were 
possible  per  compartment.  These  tests  accurately  represented  full-scale  fires 
In  many  aircraft  fire  situations. 

Full-scale  tests  were  performed  in  the  passenger/cargo  compartment  of  a 
C-131A  aircraft  (Figure  5).  The  experiment  was  Intended  to  verify  the  agent 
requirements  and  application  techniques  determined  by  previous  testing  for 
large  fires  In  an  enclosed  OEA  of  large  volume.  Only  a  limited  number  of 
these  tests  were  required. 


Front  View 


SECTION  III 
SMALL-SCALE  TESTS 


PURPOSE 

The  purpose  of  the  small-scale  OEA  experiments  was  to  quantitatively 
measure  the  agent  requirements  versus  the  atmospheric  o^o'Qen  concentration. 

The  experiments  were  conducted  In  strictly  controlled  environments  which  were 
comparable  to  previously  published  tests.  These  small-scale  experiments  also 
provided  the  background  necessary  to  develop  larger-scale  experiments. 

Although  these  tests  were  not  truly  representative  of  real-world  fires,  the 
results  were  expected  to  provide  a  proportionality  between  the  amount  of  agent 
required  for  a  fire  In  an  air  atmosphere  and  one  In  an  OEA.  These  tests  were 
limited  to  the  Halon  extinguishing  agents  due  to  their  demonstrated  high 
efficiency  In  air  and  their  ability  to  fill  Indirectly  accessible  volumes 
often  present  In  aircraft  fires.  The  parameters  studied  included  percent 
Halon  versus  percent  o;(ygen,  type  of  Halon,  total  atmospheric  pressure,  and 
type  of  fuel. 

EXPERIMENTAL  METHOD 

Two  types  of  test  apparatus  were  used.  The  classical  cup  burner 
apparatus  (Reference  1)  was  used  to  measure  agent  concentration  required  to 
extinguish  a  flame  In  a  flowing  atmosphere.  A  static  premixed  atmosphere 
chamber  was  used  to  measure  agent  concentrations  required  to  prevent  Ignition 
(Reference  2)  of  a  fuel.  This  represented  agent  requirements  to  prevent  the 
spread  of  a  fire  from  an  Ignition  source  to  adjacent  fuel.  Both  types  of 
experiments  expanded  on  previously  published  test  results. 

The  cup  burner  apparatus  (Figure  6)  consisted  of  a  glass  chimney 
surrounding  a  fuel  cup, ^supported  by  a  long  stem  which  also  supplied  fuel  to 
the  cup.  An  atmosphere  of  OJ^ygen,  nitrogen,  and  Halon  was  fed  to  the  bottom 
of  the  chimney  where  It  passed  through  a  mixing  bed  of  glass  beads  before 
flowing  up  the  chimney  past  the  fuel  cup.  The  flow  rate  of  each  atmospheric 
component  was  measured, using  a  rotometer  prior  to  mixing.  Heating  elements 
and  Insulation  on  the  atmosphere  supply  lines  were  used  to  heat  the  Incoming 
atmosphere  for  elevated  temperature  tests. 


Note : 

For  all  small-scale  testing  only  high-purity  gases  were 
used.  These  gases  were  purchased  from  Matheson  with 
the  following  specifications: 

Oxygen,  ultra-high  purity,  99.99  percent  minimum 
Nitrogen,  ultra-high  purity,  99.999  percent  minimum 
Ai r ,  dry 

Mixtures,  primary  standard  of  oxygen  x  percent 
balance  in  nitrogen,  are  ±0.02  percent  absolute 
of  the  components  used. 


Figure  6.  Components  of  Cup  Burner  Apparatus. 
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The  following  describes  the  procedure  for  using  the  cup  burner  apparatus. 
A  flowing  atmosphere  of  nitrogen  and  oj^gen  was  established  in  the  chimney  and 
the  nitrogen  and  oxygen  flow  rates  were  recorded.  The  Hal  on  flow  rate  was 
slowly  increased  until  the  flame  was  extinguished.  The  Halon  flow  rate  at 
extinguishment  was  recorded.  It  has  been  shown  that  linear  atmosphere  veloci¬ 
ties  above  12  cm/s  (4.7  i  i/s)  in  the  chimney  produce  a  stable  flame  on  the  cup 
burner  and  that  variatioris  in  velocity  above  this  value  have  no  effect  on  the 
agent  concentration  required  for  extinguishment  (Reference  1).  The  measured 
flow  rates  were  corrected  for  pressure,  temperature,  and  fluid  density  using 
Equation  (1)  and  the  volume  percentage  of  each  atmosphere  component  was 
determi ned. 

P  S30 

Qa  =  Qu  (pq/pJ—  —  (1) 

^  °  ^  760  T 

where 

»  actual  flow  rate 
Q|^  »  measured  flow  rate 
pq  =  gas  density 
p.  »  air  density 

a 

P  a  pressure  (mm/Hg) 

T  =»  temperature  (®R) 


Published  results  of  extinguishing  concentrations  for  Halons  1211,  1301,  and 
2402  in  air  and  Halon  1211  in  atmospheres  of  up  to  35  percent  oxygen  are  shown 
In  Table  1.  The  fuel  used  was  n-Heptane.  It  was  expected  that  the  extin¬ 
guishing  concentrations  for  Halons  1301  and  2402  would  increase  with  increas¬ 
ing  oxygen  concentration  in  a  similar  manner  to  Halon  1211.  It  was  also 
expected  that  the  relationship  between  the  extinguishing  concentrations 
required  for  the  three  Halons  would  not  change,  i.e.,  more  Halon  1211  would  be 
required  than  Halon  1301  and  more  Halon  1301  would  be  required  than  Halon  2402 
at  a  given  oxygen  concentration.  The  experiments  repeated  by  NMERI  were 
expected  to  produce  slightly  lower  results  than  those  listed  due  to  the  lower 
atmospheric  pressure  at  Kirtland  AFB  [1676  meters  (5500  feet)].  The  fuels 
tested  at  NMERI  included  n-Heptane,  JP-4,  hydraulic  fluid,  and  cotton  duct. 
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TABLE  1.  PREVIOUS  FLAME  EXTINGUISHING  HALON 
CONCENTRATION  RESULTS  (REFERENCE  1) 


Oxygen,® 

% 

Halon, 

% 

Fuel 

1211 

1301 

2402 

21 

(AIR) 

3.8 

3.5 

2.1 

n-Heptane 

4.4 

4.3 

n-Heptane  (Hot) 

25 

7.2 

n-Heptane 

30 

11.8 

n-Heptane 

35 

16.0 

n-Heptane 

^Percent  0)?ygen  of  o^^gen/ni trogen  atmosphere  before  adding 
Halon. 

^Percent  Halon  of  o;^gen/nitrogen/Halon  atmosphere  at  flame 
extinguishment. 

The  apparatus  for  the  static  chamber  experiments  consisted  of  a  horizon¬ 
tal  cylinder  with  a  Plexiglas®  window  at  one  end  and  a  steel  plate  covering 
the  other, ,as  shown  in  Figure  7.  Atmosphere  supply  lines,  pressure  lines, 
electrical  lines,  a  fuel  line,  vents,  and  a  pressure  relief  disc  were  con¬ 
nected  to  the  steel  plate.  A  fuel  holder,  electric  ignitor  coil,  and  a  fan 
were  located  inside  the  cylinder.  Insulation  and  heating  elements  were 
wrapped  around  the  cylinder  to  maintain  the  Halon  2402  in  the  vapor  phase 
during  tests. 

The  procedure  used  in  conducting  static  chamber  experiments  began  with  an 
evacuation  of  the  chamber  to  within  20  mm  Hg  of  absolute  vacuum.  The  chamber 
was  then  partially  filled  with  the  extinguishing  agent  to  be  used  in  the  test 
and  reevacuated.  This  step  reduces  the  contribution  of  the  unknown  atmosphere 
in  the  chamber  prior  to  the  test  to  an  insignificant  portion  of  the  final  test 
atmosphere.  The  chamber  was  then  filled  with  the  desired  fractions  of  Halon, 
nitrogen,  and  oxygen  based  on  partial  pressures.  When  the  desired  total  test 
pressure  was  achieved,  the  internal  fan  was  used  to  mix  the  atmosphere.  The 
fan  was  then  turned  off  and  the  electric  igniter  was  started.  Ignition  or 


nonignition  of  the  fuel  sample  was  then  observed.  The  ratio  of  Halon  to  oxy¬ 
gen  and  nitrogen  was  adjusted  up  or  down  until  both  a  nonignftlon  and  an  igni 
tion  test  were  obtained  for  each  ratio  of  oxygen  to  nitrogen. 


Results  for  similar  tests  using  Halon  1301  and  a  variety  of  solid  fuels 

are  published  In  Reference  2.  The  published  Halon  concentrations  for  various 

o^ygen/helium  atmospheres  and  cotton  fuel  are  listed  in  Table  2.  It  was 

expected  that  the  results  for  Halon  1301  in  oxygen/nitrogen  atmospheres  would 

be  close  to  those  listed.  Halon  1211  was  expected  to  require  slightly  higher 

concentrations, while  Halon  2402  would  require  slightly  lower  concentrations. 

/  * 

Limiting  the  total  atmosphere  pressure  to  0.10  MPa  (15  Ib/in^a)  was  expected 

to  reduce  the  Halon  required  to  prevent  ignition, particularly  at  the  higher 

o;vgen  concentrations. 

The  first  series  of  tests  performed  at  elevated  oxygen  levels  demon¬ 
strated  that  the  evaluation  of  ignition  was  not  as  clear  cut  as  expected. 
Short-lived,  self-sustaining  and  non-self-sustaining  flames  were  generated 
over  a  broad  range  of  Halon  concentrations.  A  liberal  definition  of  ignition 
was  adopted  for  the  majority  of  the  tests.  By  this  definition, any  flames 
produced,  even  those  sustained  by  the  ignitor  coil,  were  considered  to  be 
Ignition.  A  number  of  tests  were  repeated  at  the  end  of  the  experiment,  using 
a  more  conservative  definition  of  ignition.  In  these  tests,  the  flame  was 
required  to  be  self-sustaining  for  ignition  to  occur.  Tests  using  the  more 
restrictive  ignition  criterion  were  expected  to  produce  results  close  to  those 

TABLE  2.  PREVIOUS  IGNITION  PREVENTION  HALON 
CONCENTRATION  RESULTS  (REFERENCE  2) 


Oxygen, 

% 

Halon  1301, 

% 

Fuel 

^TOT  = 

P  =  5  +  P 

'^TOT  ^  '^Halon 

21  (Air) 

3 

2 

Cotton 

40 

25 

3 

Cotton 

60 

45 

27 

Cotton 

80 

54 

45 

Cotton 

100 

57 

49 

Cotton 

15 
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observed  in  the  flow  experiments.  The  fuels  tested  Included  JP-4,  hydraulic 
fluid,  and  cotton  duct. 


TEST  RESULTS 

Table  3  lists  the  results  of  the  cup  burner  flow  tests  and  Figures  8-10 
show  plots  of  Halon  concentration  versus  oj^gen  concentration  for  the  three 
Halons  and  various  fuels.  These  tests  were  limited  to  a  maximum  oxygen  com¬ 
position  of  40  percent  due  to  the  extreme  heat  and  violent  nature  of  the  flame 
produced  at  higher  oxygen  levels. 

A  comparison  of  the  values  listed  in  Tables  1  and  3  shows,  as  was 
expected,  that  the  results  obtained  by  NMERI  for  flame-extinguishing  Halon 
concentrations  were  slightly  lower  than  those  published  in  Reference  1.  The 
Halon  1211  and  1301  concentrations  measured  in  air  by  NMERI  were  84  and 
83  percent  of  the  values  published  in  Reference  1.  At  28.6  percent  oj^gen, 
the  NMERI  data  were  71  percent  of  the  value  for  Halon  1211  obtained  by  inter¬ 
polating  between  the  25-  and  30-percent  oxygen  levels  in  Reference  1.  The 
interpolated  value  for  35  percent  oxygen  obtained  by  NMERI  for  Halon  1211  were 
79  percent  of  the  Reference  1  value.  Table  4  provides  a  comparison  of  the 
effectiveness  of  the  three  Halons  where  the  Halon  1211  and  2402  requirements 


TABLE  3.  MEASURED  FLAME  EXTINGUISHING  HALON  CONCENTRATION 


Oxygen, 

% 

Halon, 

% 

Fuel 

1211 

1301 

2402 

17.6 

0.6 

0.7 

n-Heptane 

21  (AIR) 

3.2 

2.9 

n-Heptane 

2.4 

1.7 

Hydraulic  fluid 

2.2 

2.1 

1.4 

JP-4 

2.0 

1.9 

Cotton 

28.6 

7.5 

7.3 

n-Heptane 

40.0 

16.5 

16.5 

n-Heptane 

11.6 

12.2 

8.8 

Hydraulic  fluid 

11.2 

10.9 

8.0 

JP-4 

12.3 

10.0 

8.4 

Cotton 

6.0  h 


■  n-Hepthane 
•  Hydraulic  fluid 
□  JP-4 
O  Cotton 


Oxygen,  % 


Figure  8.  Halon  1211  Flame-Extinguishing  Concentrations 
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Figure  9.  Halon  1301  Flame-Extinguishing  Concentrations 
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Figure  10,  Halon  2402  Flame-Extinguishing  Concentrations 
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TABLE  4.  HALON  COMPARISON  FOR  FLAME  EXTINGUISHMENT 


Oxygen, 

% 

Halon, 

%  (normalized  to  1301) 

Fuel 

1211 

1301 

2402 

17.6 

m 

n-Heptane 

21.0 

■n 

n-Heptane 

1.00 

Hydraulic  fluid 

1.05 

1.00 

JP-4 

1.05 

1.00 

Cotton 

28.6 

1.03 

1.00 

n-Heptane 

40.0 

1.00 

1.00 

n-Heptane 

0.95 

1.00 

0.72 

Hydraulic  fluid 

1.03 

1.00 

0.73 

JP-4 

1.23 

1.00 

0.84 

Cotton 

are  normalized  to  the  Halon  1301  requirements  for  each  fuel  and  o:;ygen  concen¬ 
tration.  The  Halon  1211  requirements  ranged  from  85  to  123  percent  of  the 
Halon  1301  required,  while  67  to  84  percent  of  the  Halon  1301  concentration 
was  required  to  extinguish  the  flame  using  Halon  2402.  Table  5  shows,  for  all 
fuels  and  all  Halons,  that  the  Halon  concentration  required  to  extinguish  a 
flame  increases  more  than  500  percent  when  the  oxygen  concentration  was 
increased  from  21  percent  (air)  to  40  percent. 

The  results  of  the  static  chamber  tests  are  listed  in  Table  6.  Fig¬ 
ures  11-13  show  plots  of  the  same  data.  It  was  expected  that  the  Halon  1301 
concentrations  measured  at  NMERI  would  fall  between  the  values  published  in 
Reference  2  for  high  and  low  atmosphere  pressures.  Comparing  Tables  2  and  6, 
show  that  all  of  the  NMERI  values  for  Halon  1301  and  cotton  duct  at  increased 
oxygen  concentrations  were  well  above  the  values  from  Reference  2.  This  is 
probably  due  to  the  liberal  ignition  criterion  used  in  the  NMERI  tests. 
Comparing  the  more  conservative  ignition  criteria  values  for  Halon  1211  and 
cotton  duct  from  Table  6  with  Table  2  shows  close  agreement.  The  results 
showed  no  discernable  difference  between  the  concentration  requirements  of 
Halon  1301  and  2402.  The  results  also  show  that  the  concentration  of 
Halon  1211  required  was  the  same  as  or  higher  than  the  other  Halons.  Compari¬ 
son  also  shows  that  the  increment  in  Halon  concentration  between  ignition  and 


TABLE  5.  FLAME-EXTINGUISHING  HALON  CONCENTRATION 
INCREASE  FOR  40  PERCENT  OXYGEN  ATMOSPHERE 


Halon  Increase, 

% 

Fuel 

1211 

1301 

2402 

516 

569 

n-Heptane 

508 

518 

Hydraulic  fluid 

509 

519 

571 

JP-4 

615 

526 

Cotton 

547 

531 

545 

Average 

TABLE  6.  IGNITION  PREVENTION  HALON  CONCENTRATIONS 


Oxygen,  Halon  (Ignition-Nonignttion) , 
%  % 


1211 

1301 

2402 

21 

0-3 

3-3.8 

0-3 

Cotton 

11-13 

8-13 

8-13 

JP-4 

40 

30-40 

30-35 

30-40 

Cotton 

10-20 

Low  ignition 

30-40 

Low  ignition  and 
high  pressure 

50 — 

High  pressure 

50-60 

40-50 

40-50 

JP-4 

10-20 

Low  ignition 

20-30 

Low  ignition  and 
high  pressure 

50 — 

High  pressure 

60 

60-70 

50-55 

50-60 

Cotton 

00 

70-80 

60-65 

60 — 

Cotton 

70-80 

70-80 

70-80 

JP-4 

W  V 


nonignition  was,  in  most  oxygen-rich  cases,  10  percent.  Thus,  the  differences 
between  the  concentration  of  the  different  Halons  required  to  prevent  ignition 
within  each  10-percent  increment  were  not  distinguishable.  The  data  again 
show  the  rapid  increase  in  Halon  concentrations  required  to  prevent  ignition 
with  increasing  oxygen  concentration. 

CONCLUSIONS 

Two  distinct  types  of  small-scale  experiments  were  performed  to  measure 
Halon  requirements  for  combatting  fires  in  oxygen-enriched  atmospheres.  The 
first  series  of  cup  burner  tests  measured  the  Halon  required  to  extinguish  a 
flame  in  atmospheres  ranging  from  17.6  to  40  percent  oxygen.  During  testing 
with  air  and  n-Heptane  fires,  CO^  and  N^  were  tested  as  extinguishing  agents. 
The  percentages  needed  for  extinguishment  were  19.59  percent  CO^  and  85.6  per¬ 
cent  total  N2  concentration.  The  results  of  these  tests  agreed  closely  with 
data  published  previously  in  Reference  1  and  extended  the  published  data  to 
Halons  and  additional  fuels. 

These  cup  burner  tests  showed  a  requirement  for  an  increase ’of  more  than 
500  percent  in  Halon  concentration  to  extinguish  a  flame  when  the  oxygen 
fraction  of  the  atmosphere  was  increased  from  21  percent  to  40  percent 
regardless  of  the  fuel  and  Halon  used.  The  oxygen  concentration  was  limited 
to  40  percent  in  these  experiments  because  the  flame  produced  at  higher  oxygen 
concentrations  was  too  violent  for  the  apparatus  to  handle. 

The  second  series  of  tests  measured  the  Halon  required  to  prevent  igni¬ 
tion  of  a  fuel  in  oxygen-enriched  atmospheres  ranging  from  21  to  100  percent 
oxygen.  It  was  believed  that  these  tests  would  more  realistically  represent 
the  requirements  for  extinguishing  deep-seated  fires  and  preventing  the  spread 
of  the  fire  due  to  persistent  heat  sources  expected  in  aircraft  fires.  The 
results  obtained  in  these  tests  were  significantly  higher  than  the  data  listed 
in  Reference  2.  It  is  believed  that  the  discrepancy  was  due  to  the  liberal 
definition  of  ignition  utilized  during  testing.  A  number  of  tests  were  per¬ 
formed  using  more  conservative  ignition  criteria  which  agreed  closely  with  the 
data  in  Reference  2.  The  previous  data  were  extended  to  Halon  1211  and 
Halon  2402  and  to  JP-4  fuel  during  this  experiment.  Halon  requirements  in  air 
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increased  by  400  percent  to  more  than  1000  percent  at  40  percent  oxygen  and  by 
500  percent  to  more  than  2000  percent  at  100  percent  oxygen  depending  on  fuel 
type. 

Both  of  these  experiments  demonstrated  the  drastic  increase  in  Hal  on 
required  to  combat  fires  in  an  OEA  regardless  of  fuel  or  Hal  on  type  used. 

These  results  indicate  the  undesirability  of  attempting  to  combat  local  fires 
in  an  OEA  using  a  full-flood  Halon  technique  and,  conversely,  the  advantage, 
and  possibly  the  essential  requirement,  of  applying  the  Halons  directly  to  the 
fire  at  the  point  of  highest  oxygen  concentration.  The  small-scale  experi¬ 
ments  indicated  that  between  5  to  20  times  as  much  Halon  is  required  to  fight 
a  fire  in  an  OEA  as  that  required  to  fight  the  same  fire  in  air. 


SECTION  IV 
MEDIUM-SCALE  TESTS 


PURPOSE 

The  purpose  of  the  medtum-scale  experiment  was  to  extend  the  results  of 
the  small-scale  tests  to  larger  fires  and  to  develop  scaling  techniques  if 
necessary.  Control  of  the  atmosphere  composition  and  fire  configuration  were 
maintained  during  these  tests  allowing  the  results  to  be  verified  through 
repetition.  The  hypotheses  generated  at  the  end  of  the  small-scale  experi¬ 
ments  were  tested  during  the  medium-scale  experiments.  The  medium-scale  tests 
also  provided  the  opportunity  to  develop  the  supply  and  control  systems  and 
the  safe  operating  procedures  that  would  be  required  in  performing  the  large- 
and  full-scale  experiments. 

EXPERIMENTAL  METHOD 

Medium-scale  tests  were  conducted  in  a  horizontal  cylinder  that  was 
closed  at  one  end.  Oxygen,  nitrogen,  and  Hal  on  supply  lines  entered  the  cyl¬ 
inder  at  the  closed  end  as  shown  in  Figure  14.  Remotely  actuated  valves  for 
atmosphere  and  extinguishing  agent  control  were  located  as  close  to  the  out¬ 
side  of  the  test  cylinder  as  possible.  A  window  and  a  video  camera  were 
located  at  the  closed  end  of  the  test  cylinder.  A  spray  bar  supported  above 
the  test  cylinder  provided  cooling  water  to  the  outside  of  the  cylinder. 
Basically,  the  medium-scale  apparatus  represented  a  larger  version  of  the 
small-scale  flame-extinguishing  apparatus  oriented  in  a  horizontal  direction. 

Oxygen  and  nitrogen  were  supplied  to  injector  tubes  from  high-pressure 
gas  cylinders.  The  supply  pressure  was  regulated  at  the  outlet  of  the  gas 
cylinders  and  flow  was  controlled  by  solenoid  valves  located  immediately  out¬ 
side  the  test  cylinder.  Flow  rate  was  controlled  by  regulating  the  supply 
pressure.  Each  system  was  calibrated  by  determining  gas  flow  rate  at  selected 
regulator  pressures  using  the  weight-loss  method.  The  weight-loss  method 
consisted  of  weighing  the  supply  cylinder,  allowing  the  gas  to  flow  through 
the  delivery  system  at  a  constant  supply  pressure  for  a  measured  amount  of 
time,  and  then  weighing  the  supply  cylinder  again.  The  weight  difference 
divided  by  the  duration  of  the  flow  determined  the  flow  rate  of  the  system  for 


re  14.  Medium-Scale  Apparatus 


the  selected  supply  pressure.  Using  this  information,  only  the  gas  supply 
pressure  needed  to  be  recorded  during  fire  tests  to  establish  the  flow  rate  of 
each  atmosphere  component. 

The  Halons  were  supplied  to  an  injector  from  pressurized  cylinders.  A 
metering  valve  and  a  solenoid  valve  located  as  close  to  the  injector  as  possi¬ 
ble  were  used  to  control  agent  flow.  The  metering  valve  setting  determined 
the  flow  rate  and  the  solenoid  valve  was  used  to  start  and  stop  flow.  The 
system  was  calibrated  for  each  agent  at  a  range  of  metering  valvo  settings  and 
supply  pressures  using  the  weight-loss  method.  Calibration  of  the  Halon  sys¬ 
tems  was  conducted  after  the  tests  were  completed  so  the  supply  pressures  and 
metering  valve  settings  of  interest  were  known.  Supply  pressure  and  metering 
valve  settings  were  recorded  during  tests. 

The  o^o'gen  and  nitrogen  injectors  were  arranged  so  that  the  gases  were 
directed  against  the  walls  of  the  test  cylinder  to  break  up  the  jet  and  cause 
turbulence  that  helped  mix  the  atmosphere  before  it  reached  the  fire.  The 
Halon  injector  also  directed  the  extinguishing  agent  against  the  test  cylinder 
wall  for  the  same  reason. 

The  procedure  used  in  conducting  the  medium-scale  tests  consisted  of  the 
following  steps.  The  o^y^gen/nitrogen  ratio  for  the  test  was  established  by 
setting  the  regulated  supply  pressures  for  each  gas  with  the  solenoid  valves 
open.  The  solenoid  valves  were  then  closed.  An  initial  Ha Ion-metering  valve 
setting  was  selected.  The  fuel  pan  was  then  ignited  and  the  end  of  the  test 
cylinder  was  sealed.  The  oxygen  and  nitrogen  flows  were  initiated  using  the 
remotely  controlled  solenoid  valves  and  the  fire  was  allowed  to  burn  for  a 
fixed  preburn  interval.  Halon  application  was  initiated  and  maintained  for  a 
fixed-time  interval  of  10  seconds  using  the  remotely  controlled  solenoid 
valve.  Following  Halon  application,  an  interval  of  20  seconds  was  allowed  to 
let  the  fire  become  reestabl ished,,if  it  was  not  extinguished.  During  this 
time  period,  the  Halon  metering  valve  was  adjusted  to  the  next  highest 
setting.  If  the  fire  was  not  extinguished,  the  steps  beginning  with  Halon 
application  were  repeated.  This  process  continued  until  the  fire  was  extin¬ 
guished.  The  Halon  supply  pressure  and  metering  valve  setting  were  recorded 
before  and  after  each  application.  The  final  metering  valve  setting  and  sup¬ 
ply  pressure  determined  the  Halon  flow  rate  necessary  to  extinguish  the 


fire  at  the  preset  oxygen/nitrogen  ratio  and  flow  rates.  The  oxygen  concen¬ 
tration  was  determined  by  comparing  the  oxygen  flow  rate  to  the  combined  oxy¬ 
gen  and  nitrogen  flow  rate.  The  Halon  concentration  was  determined  by  compar¬ 
ing  the  Halon  flow  rate  to  the  combined  oxygen,  nitrogen,  and  Halon  flow 
rates.  Each  test,  i.e.,  oxygen  concentration  and  Halon  type,  was  repeated 
three  times  to  verify  the  results.  Halon  type  and  oxygen  concentration  were 
the  only  parameters  studied  during  these  tests. 

TEST  RESULTS 

The  results  of  the  medium-scale  testing  are  listed  in  Table  7.  Two  data 
points  were  obtained  during  these  tests,  one  for  Halon  1211  at  40-percent 
oxygen  and  one  for  Halon  2402  at  40-percent  oxygen.  Both  values  were  obtained 
through  repeated  testing  providing  a  high  degree  of  confidence  in  the  results. 
Considerable  experience  with  oxygen  supply  systems,  OEA  characteristics  in 
larger  volumes  and  fires,  the  operation  of  support  systems  monitoring  these 
fires,  and  the  development  of  safe  operating  procedures  for  testing  in  this 
environment  proved  invaluable  during  large-  and  full-scale  tests.  Halon  1301 
was  excluded  from  these  tests  because  it  was  not  considered  realistic  for  use 
in  a  flightline  environment  and  it  did  not  provide  a  significant  performance 
advantage  over  the  other  two  Halons  used  during  small-scale  tests. 


TABLE  7.  MEDIUM-SCALE  TEST  RESULTS 


O2  flow  rate,  units 

9.2  liters/sec 

flow  rate,  units 

12.1  liters/sec 

Oxygen  concentration,  % 
as  [02/(02+N2)] 

43. 

2% 

Halon  1211 

Halon  2402 

Halon  flow  rate,  units 

4.25  liters/sec 

2.94  liters/sec 

Halon  concentration,  % 
as  [Halon/(Halon+  Q2+N2)] 

16.6% 

12.13% 

CONCLUSIONS 


Comparing  the  medium-scale  results  with  the  40-percent  oxygen  small-scale 
results  shows  close  correlation.  The  medium-scale  results  were  consistently 
slightly  less  than  those  obtained  in  the  small-scale  tests.  It  is  believed 
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that  the  lower  Hal  on  requirements  observed  in  medium-scale  tests  were  due  to 
the  lower  flame  stability  on  the  fuel  pan  in  the  turbulent  crossflow  atmos¬ 
phere  present  in  the  medium-scale  apparatus.  The  small  discrepancy  between 
the  two  test  scales  indicated  there  was  no  need  to  develop  further  scaling 
techniques. 

Observation  of  the  fire  during  the  medium-scale  tests  revealed  that  there 
was  an  intense  jet  of  flame  where  the  swirl  of  the  advancing  OEA  first  crossed 
the  fuel  pan.  However,  the  flame  rapidly  decreased  to  what  appeared  to  be  a 
normal  non-o)(ygen-rich  flame  towards  the  trailing  edge  of  the  fuel  pan.  This 
effect  indicates  that  oxygen  enrichment  of  the  atmosphere  decreases  rapidly  in 
the  vicinity  of  a  fire.  The  intense  jet  of  flame  observed  in  the  medium-scale 
tests,  where  the  atmosphere  is  premixed  to  a  uniform  oxygen  concentration 
before  reaching  the  fire,  should  be  accentuated  in  a  situation  where  fire  is 
exposed  to  a  jet  of  pure  oxygen  from  a  ruptured  oxygen  line  in  an  aircraft 
fire.  An  intense  flame  would  be  expected  where  the  o)0'gen  jet  first  inter¬ 
sects  the  fire.  However,  this  area  of  intensity  would  be  limited  since  the 
fire  would  consume  the  oxygen  rapidly.  This  situation  reinforces  the  observa¬ 
tion  made  at  the  conclusion  of  the  small-scale  testing  that  suggested  direct 
application  of  Halon  to  the  fire  at  the  location  of  highest  oxygen  concentra¬ 
tion  may  be  essential  to  successfully  extinguish  the  fire. 


SECTION  V 
LARGE-SCALE  TESTS 


PURPOSE 

The  purpose  of  the  large-scale  test  program  was  to  test  agents  in 
realistic  oJO'gen-enriched  atmosphere  aircraft  fires.  Fires  were  established 
in  the  forward  section  of  a  B-52  fuselage.  The  fire  configuration,  oxygen 
supply  and  agent  application  were  all  representative  of  actual  aircraft  fire 
situations.  In  addition  to  JP-4  fuel,  aircraft  interior  materials  were  also 
tested  in  the  fires.  The  agents  AFFF  and  PKP  were  also  tested  during  these 
experiments.  Fires  were  limited  to  relatively  small  compartments,  providing 
an  intermediate  step  before  testing  in  the  wide-body  aircraft  during  full- 
scale  tests.  The  test  specifics  were  a  fuel  fire  on  an  airplane  which  had 
suffered  frame  damage  and  was  no  longer  airtight.  Because  of  the  considerable 
skin  damage  to  the  plane  before  testing  started  there  was  no  way  to  seal  the 
airplane.  This  was  an  advantage  because  it  provided  useful  results  concerning 
oxygen-enriched  fires  in  damaged  compartments. 

In  addition  to  testing  the  extinguishing  agents,  a  new  agent  applicator 
was  tested  in  the  large-scale  tests.  A  skin-penetrator  tool  recently  devel¬ 
oped  by  the  Air  Force  for  delivering  agents  to  the  interior  of  an  aircraft 
appeared  to  be  ideal  for  applying  agents  directly  on  fires  at  the  point  of 
highest  oxygen  concentration. 

EXPERIMENTAL  METHOD 

The  large-scale  tests  were  conducted  in  the  forward  section  of  a  B-52 
fuselage.  The  configuration  of  the  apparatus  is  shown  in  Figure  15.  A  1016- 
by  1524-millimeter  (40-  by  60-inch)  fuel  pan  was  located  on  the  floor  of  the 
cockpit  area  immediately  behind  the  pilot  and  copilot  seats.  Oxygen  was 
supplied  from  a  liquid  oxygen  Dewar  flask  after  passing  through  a  vapor  gene¬ 
rator.  The  oxygen  delivery  system  including  the  Dewar  flask,  supply  lines, 
and  control  valves  were  designed  to  simulate  the  oxygen  flow  rate  that  would 
be  produced  by  a  ruptured  7.9-millimeter-  (5/16-inch)  oxygen  line  at  a  pressure 
of  2.76  MPa  (400  Ib/in^).  The  oxygen  supply  lines  entered  the  rear  of  the 
cockpit  through  an  access  hatch.  Two  injectors  located  at  the  rear  of  the 
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cockpit  directed  the  oxygen  flow  across  the  fuel  pan  towards  the  front  of  the 
cockpit  and  through  a  missing  window.  Small-scale  results  showed  an  increased 
concentration  of  Halon  was  needed  to  suppress  an  o)vgen-enriched  fire.  This 
effect  was  confirmed  by  tests  on  the  B-52.  To  fight  oxygen-enriched  fires 
effectively,  a  penetrator  tool  was  used.  The  penetrator  tool  designed  by  the 
Air  Force  allows  Halon  to  be  applied  to  the  inside  of  an  airplane  close  to  the 
source  of  the  fire.  A  hole  is  drilled  through  the  outer  skin  layers,  using  a 
hardened  steel  bit  driven  by  an  air  drill.  Once  inside  the  aircraft,  Halon  is 
injected  through  a  series  of  orifices  located  behind  the  drill  bit.  This 
allows  a  firefighter  to  apply  Halon  close  to  the  fire  source  without  risking 
himself  or  adding  air  to  the  fire,  e.g.,  opening  a  door.  The  penetrator  can 
then  be  used  to  apply  a  high  concentration  of  directed  Halon  in  a  small  area. 
Simulated  penetrator  tool  nozzles  injected  extinguishing  agents  from  three 
positions.  Position  1  was  located  behind  the  oxygen  injectors.  Position  2  was 
located  below  the  missing  window,  and  Position  3  injected  agents  through  a 
small  window  at  the  front  of  the  aircraft.  Halons  1211  and  2402  were  applied 
from  the  first  and  second  positions  at  different  pressures. 

The  agents  were  injected  either  with  or  counter  to  the  flow  of  oj^gen. 
Another  penetrator  nozzle  was  located  directly  over  the  fuel  pan  to  provide  a 
backup  extinguishing  capability.  This  backup  was  necessary  if  the  test  agent 
failed  to  extinguish  the  fire.  Halon  1211  was  used  as  the  backup  extinguish¬ 
ing  agent.  Oxygen  and  Halon  flows  were  controlled  by  remotely  actuated  sole¬ 
noid  valves.  The  AFFF  and  PKP  flows  were  manually  controlled  at  the  supply 
tanks.  Modified  37.9-liter  (10-gallon)  CB  extinguisher  tanks  were  used  as 
agent  supply  tanks  in  all  but  the  AFFF  tests.  AFFF  was  supplied  from  a  skid- 
mounted  1136-liter  (300-gallon)  pressurized  tank  on  an  XP-13  fire  truck.  The 
oxygen  flow  rate  was  determined  by  using  the  weight-loss  method  described  in 
Section  lY.  The  quantity  of  agent  applied  during  a  test  was  determined  by 
weighing  the  agent  supply  tank  before  and  after  each  test  for  all  agents 
except  AFFF.  A  flow  rate  for  AFFF  was  determined  by  measuring  the  weight  of 
the  agent  discharged  during  a  measured  time  interval.  The  quantity  of  AFFF 
used  during  a  test  was  then  determined  by  measuring  the  time  interval  the 
agent  was  applied  and  multiplying  that  by  the  predetermined  flow  rate 
(M  =  Q(iT). 


The  test  procedure  consisted  of  igniting  the  fuel  pan,  allowing  a  20- 
second  preburn.  Initiating  oxygen  flow,  allowing  an  additional  10-second  pre¬ 
burn  and  then  applying  the  agent.  The  agents  were  applied  for  fixed-time 
Intervals  depending  on  the  test.  An  oj^gen  flow  rate  of  0.129  Ib/s  was  used 
for  all  tests.  In  the  course  of  testing,  considerable  damage  was  done  to  the 
front  compartment.  As  a  result,  corrugated  metal  panels  were  constructed  to 
reinforce  the  roof  of  the  aircraft.  Halon  1211,  Halon  2402,  AFFF  and  PKP  were 
tested.  Halon  1301  was  not  tested  because  It  was  not  considered  a  realistic 
agent  for  open»a1r  use. 

During  testing,  Halons  Injected  through  the  penetrators  at  positions  one 
and  two  worked  effectively  with  or  counter  to  the  oj^gen  flow.  In  the  coun¬ 
terflow  orientation  suppression  was  difficult  to  obtain.  At  reduced  charging 
pressures  with  Halon  1211  suppression  did  not  occur.  Though  suppression 
occured  In  most  of  the  fires,  actual  extinguishment  of  the  fire  was  difficult 
because  reignitlon  kept  occuring.  In  all  cases, Hal  on  2402  was  more  effective 
In  suppressing  the  fire  than  Halon  1211.  This  was  especially  dramatized  In 
the  counterflow  condition.  During  Test  5, Halon  1211  did  not  suppress  the 
fire.  However,  under  the  same  conditions  (Test  8),  using  Halon  2402, sup- 
presslon  was  obtained.  In  suppressing  the  fire  In  a  counterflow  condition, 
liquid  Halon  2402  penetrated  the  fire  more  effectively  and  final  extinguish¬ 
ment  was  easier  to  obtain.  Some  of  this  may  be  due  to  the  heat  absorption  by 
Halon  2402  as  It  changes  from  a  liquid  to  a  gas. 

TEST  RESULTS 

The  results  of  the  large-scale  test  program  are  shown  In  Table  8.  A 
description  of  each  test  follows. 

Test  1-3 

In  tests  1-3  the  system  was  checked  out. 

Test  4 

In  Test  4,  the  penetrator  was  positioned  to  Inject  the  agent  with 
the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  0.7  MPa  (100  lb/1n^) 
at  the  start  of  the  test.  During  the  test,  Halon  1211  was  Injected  Into  the 
fuselage  for  5  seconds.  Suppression  was  accomplished.  Halon  usage  was  lost 
In  an  attempt  to  extinguish  the  fire. 
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Neither  AFFF  9.7  (21.3)  1.0  (150)  No  suppression  Flow  rate  of 

19.3  (42.6)  1.0  (150)  Suppression  1.93  kg/s  (4.25  lb/s)v 


In  Test  5,  the  penetrator  was  positioned  to  inject  the  agent  counter 
to  the  flow  of  0){ygen.  The  storage  cylinder  was  charged  to  0.7  MPa 
{100  Ib/irf )  at  the  start  of  the  test.  During  the  test,  Halon  1211  was 
injected  into  the  fuselage  for  5  seconds.  Suppression  was  not  obtained, 

Halon  usage  was  lost  in  an  attempt  to  extinguish  the  fire.  After  the  test  a 
backup  system  was  installed  so  Halon  usage  could  be  recorded. 


Test  6 


In  Test  6,  the  penetrator  was  positioned  to  inject  the  agent  with 
the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  0.7  MPa  (100  Ib/in^) 
at  the  start  of  the  test.  During  the  test,  Halon  1211  was  injected  into  the 
fuselage  for  5  seconds.  Suppression  was  not  obtained.  The  initial  weight  of 
the  Halon  was  106  kilograms  (234.5  pounds).  The  final  weight  was 
103  kilograms  (226  pounds).  As  shown  by  the  small  weight  loss,  the  Halon 
valve  did  not  completely  open.  This  is  why  suppression  did  not  occur. 


Oxygen  Flow  Rate 

During  a  weight-loss  test,  a  mass  flow  rate  of  0.6  kg/s  (0.13. Ib/s) 
was  obtained.  By  reducing  this,  a  volume  rate  of  0.04  m^/s  (1.46  ft^/s)  was 
obtained. 


0.13  lb 


^  1.43  g  ^ 


454  g  ft^ 
lb  28.32 


1.46  ftVs 


Test  7 

In  Test  7,  the  penetrator  was  positioned  to  inject  the  agent  counter 
to  the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  1.0  MPa 
(150  Ib/in^)  at  the  start  of  the  test.  During  the  test,  Halon  1211  was 
injected  into  the  fuselage  for  5  seconds.  Suppression  was  accomplished.  The 
initial  weight  of  the  Halon  was  102.5  kilograms  (225.9  pounds).  The  final 
weight  was  92  kilograms  (202.0  pounds). 


In  Test  8,  the  penetrator  was  positioned  to  inject  the  agent  counter 
to  the  flow  of  o;v9en.  The  storage  cylinder  was  charged  to  0.7  MPa 
(100  Ib/in^)  at  the  start  of  the  test.  During  the  test,  Halon  2402  was 
injected  into  the  fuselage  for  5  seconds.  Suppression  was  accomplished.  The 
initial  weight  of  the  Halon  was  116  kilograms  (255.4  pounds).  The  final 
weight  was  127  kilograms  (228.0  pounds). 

Test  9 

In  Test  9,  the  penetration  was  positioned  to  inject  the  agent  with 
the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  0.7  MPa  (100  Ib/in^) 
at  the  start  of  the  test.  During  the  test,  Halon  2402  was  injected  into  the 
fuselage  for  5  seconds.  Suppression  was  accomplished.  The  initial  weight  of 
the  Halon  was  96  kilograms  (212.2  pounds).  The  final  weight  was  88  kilograms 
(193  pounds). 

Test  10 

In  Test  10,  the  penetrator  was  in  a  position  to  inject  the  agent 
with  the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  0.7  MPa 
(100  Ib/in^)  at  the  start  of  the  test.  During  the  test,  Halon  2402  was 
injected  into  the  fuselage  for  3  seconds.  Suppression  did  not  occur.  The 
initial  weight  of  the  Halon  was  88  kilograms  (193  pounds).  The  final  weight 
was  80  kilograms  (176.2  pounds). 

Test  11 

In  Test  11,  the  penetrator  was  positioned  to  inject  the  agent 
counter  to  the  flow  of  oxygen.  The  storage  cylinder  was  charged  to  0.7  MPa 
(100  Ib/in^)  at  the  start  of  the  test.  During  the  test,  Halon  2402  was 
injected  into  the  fuselage  for  5  seconds.  Suppression  was  accomplished.  The 
initial  weight  was  78  kilograms  (172.4  pounds).  The  final  weight  was  69  kilo¬ 
grams  (51.7  pounds). 


In  Test  12,  the  penetrator  was  positioned  to  inject  the  agent 
counter  to  the  flow  of  oj^gen.  The  storge  cylinder  was  charged  to  1.0  MPa 
(150  Ib/in^)  at  the  start  of  the  test.  During  the  test,  Hal  on  2402  was 
injected  into  the  fuselage  for  5  seconds.  Suppression  was  accomplished.  The 
initial  weight  of  the  Hal  on  was  67  kilograms  (148.0  pounds).  The  final  weight 
was  53  kilograms  (117  pounds). 

Tests  13-15 

In  Tests  13-15,  attempts  were  made  to  apply  Halon  1301  to  the  fire. 
Mechanical  problems  with  the  piping  system  prevented  the  application  and  these 
tests  were  discontinued  because  of  safety  considerations. 

Tests  16-19 

In  Tests  16-19,  AFFF  was  tested .using  the  Air  Force  Applicator. 

AFFF  had  no  effect  on  the  fire  and  suppression  did  not  occur  during  the 
tests. 

Test  20 

In  Test  20,  a  1/2-inch  diameter  schedule  40  pipe  was  located  in  the 
front  of  the  aircraft  (Position  3).  The  storage  cylinder  was  charged  to 
1.0  MPa  (150  Ib/in^)  for  the  test.  During  the  test,  PKP  was  injected  into  the 
fuselage  for  20  seconds.  The  PKP  flow  rate  was  0.35  kg/s  (7.8  Ib/s).  Sup¬ 
pression  was  accomplished. 

Test  21 

In  Test  21,  the  penetrator  tip  was  located  at  the  front  of  the  air¬ 
craft.  A  1136-liter  (300-gallon)  foam  tank  was  charged  with  1.0  MPa 
(150  Ib/in^)  of  nitrogen.  During  the  test,  AFFF  was  injected  into  the  air¬ 
frame  at  two  time  intervals,  the  first  for  5  seconds  and  the  second  for 
10  seconds.  The  AFFF  was  applied  at  the  rate  of  2  kg/s  (4.25  Ib/s).  Suppres¬ 
sion  did  not  occur  during  the  5-second  application.  Extinguishment  did  occur 
during  the  10-second  application. 


The  results  of  large-scale  testing  demonstrate  the  critical  Importance  of 
Halon  application  techniques  In  combating  oxygen-enriched  fires.  Halon  worked 
effectively  when  injected  with  or  counter  to  the  flow  of  oxygen.  However, 
there  was  difficulty  in  extinguishing  the  fire  with  Halon  when  it  was  used  in 
the  counterflow  mode.  Halon  2402  worked  more  effectively  than  Halon  1211  in 
the  counterflow  mode  because^ as  a  liquid.it  could  be  thrown  against  the 
atmospheric  draft  better  than  the  more  gaseous  Halon  1211. 

Tests  indicated  that  PKP  and  AFFF  work  well  against  pool  fires  in  oxygen- 
rich  atmospheres.  Quantitative  data  for  equivalencies  between  Halon  and  the 
other  agents  were  not  generated  because  of  the  differences  in  character  of  the 
agents:  i.e.,  the  1-D  character  of  AFFF  should  not  be  compared  to  the  flooding 
performance  of  Halon.  However,  rapid  knockdown  was  achieved  with  Ha  Ions 
whereas  the  security  against  flashback  was  achieved  with  the  cooling/blanket¬ 
ing  affects  of  AFFF. 

As  shown  in  Table  8,  the  use  of  the  penetrator  suppressed  most  of  the 
fires;  however,  this  does  not  mean  that  the  fires  were  always  extinguished. 
During  some  fires,  the  aircraft  heated  above  the  point  of  spontaneous  combus¬ 
tion  and,  after  suppression,  the  fire  would  reignite.  This  indicated  a  need 
for  cooling  the  aircraft.  If  water  or  AFFF  was  sprayed  inside  the  aircraft 
immediately  following  suppression,  the  temperature  would  drop  and  the  fire  was 
extinguished.  Halon  has  approximately  one-twentieth  the  heat  absorption  of 
water.  Consequently,  cooling  the  aircraft  with  Halon  was  not  considered 
practical.  Tests  of  the  penetrator  showed  that  it  was  able  to  successfully 
apply  AFFF.  AFFF  exited  the  nozzles  in  a  large  semihollow  cone  with  only  a 
small  amount  of  aeration  {small  voids)  present.  When  spraying  AFFF  the  throw 
range  is  about  6  to  8  meters  (20  to  25  feet).  This  was  considered  a  drawback 
for  a  pool  fire  but  an  advantage  when  spraying  inside  an  airplane. 

In  the  first  tests,  AFFF  was  injected  through  a  standard  AFFF  nozzle. 

The  throw  range  was  15  to  18  meters  (50  to  60  feet)  and  the  AFFF  was  well- 
aerated.  Testing  this  nozzle  from  multiple  positions  showed  little  to  no 

effect  on  the  fire.  The  penetrator  was  then  used  from  Position  3  at  the  front 
of  the  aircraft.  During  this  test,  with  the  o;vgen  flowing,  a  5-second  burst 
of  AFFF  was  injected.  This  temporarily  reduced  the  intensity  of  the  fire  but 
did  not  suppress  it.  The  fire  was  allowed  to  rebuild  and  a  10-second  burst 


was  injected.  During  the  10  seconds,  suppression  was  attained,  and,  even  with 
the  oxygen  flowing,  the  fire  did  not  reignite. 

PKP  was  also  tested.  During  Test,  20  PKP  was  blown  through  a  1/2-inch 
diameter  schedule  40  pipe  at  the  rate  of  3.5  kg/s  (7.8  Ib/s).  A  20-second 
burst  was  used  with  the  fire  directly  accessible  and  suppression  was  obtained. 
During  an  after- test  inspection  it  was  found  that  all  exposed  surfaces  were 
covered  with  powder.  This  shows  there  may  be  only  limited  results  obtained  on 
an  indirectly  accessible  fire. 

During  mass  flow  calculations,  the  oxygen  flow  rate  was  found  to  be 
0.04  tt? /s  (1.45  ft^/s).  This  flow  rate  is  small  as  compared  to  the  volume 
flow  inside  an  aircraft  and  should  have  little  effect  on  the  fire.  Although 
the  oxygen  had  a  small  flow  rate,  it  had  a  high  velocity  as  it  left  the  oxygen 
line.  This  velocity  drafted  a  large  amount  of  air  into  the  fire.  The  result¬ 
ing  turbulence  mixed  the  fuel  vapors  and  caused  a  large  aggressive  fire.  When 
oxygen  is  mixing  with  air  the  overall  oiO'gen  concentration  is  lowered.  With  a 
lower  oxygen  concentration,  the  fire  is  easier  to  extinguish.  Because  of  the 
aggressive  flame,  the  fire  was  much  more  destructive  and  harder  to  suppress 
than  an  undisturbed  fire.  Other  testing  done  with  an  oxyacetylene  torch  where 
fuel  is  premixed  with  100  percent  oj^gen  showed  that  even  a  large  amount  of 
Hal  on  could  not  extinguish  this  fire.  This  shows  the  fires  generated  during 
testing  had  a  greater  concentration  of  o;vgen  than  air,  but  much  less  than 
100  percent. 

During  testing,  a  relationship  between  time  and  temperature  was  found  and 
is  shown  in  Figure  16.  The  plot  shows  the  atmospheric  temperature  of  the 
aircraft  and  time.  Curves  A  and  B  are  time-temperature  profiles, with  and 
without  oxygen  enrichment.  From  full-scale  results  it  was  found  that  the 
relationships  shown  were  not  in  complete  agreement  with  the  profiles  produced 
in  a  sealed  airframe.  With  an  oj^gen-enriched  fire,  the  temperature  rose  to  a 
higher  level  in  a  shorter  time  than  a  non-oxygen-enriched  fire. 


With  both  types  of  fires  a  temperature  level  was  reached  where  the  fires 
could  spontaneously  start  if  only  temporarily  suppressed.  This  is  the  point 
of  spontaneous  combustion.  Whenever  the  atmospheric  temperature  is  above  the 
point  of  spontaneous  combustion  and  the  fire  is  put  out,  only  suppression  has 
occurred.  Extinguishment  can  only  be  obtained  when  there  is  no  fire  and  the 
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temperature  is  below  the  point  of  spontaneous  combustion.  Therefore,  suppres¬ 
sion  does  not  always  mean  extinguishment.  After  suppression,  the  Halon 
concentration  is  reduced  by  being  drafted  away  by  the  buoyancy  induced  by  the 
heat  from  the  fire  and  passes  through  damaged  areas  in  the  fuselage  skin. 

When  enough  Halon  has  been  removed  to  lower  the  concentration  below  the  point 
of  ignition,  spontaneous  combustion  and  continuous  burning  of  fuel  will  occur. 
With  o;vgen  flowing,  this  problem  is  aggravated  because  the  oxygen  jets  blow 
the  Halon  out  of  the  airframe  and  increase  the  oxygen  supply  to  the  fire. 


SECTION  VI 
FULL-SCALE  TESTS 

PURPOSE 

The  purpose  of  the  full-scale  tests  was  to  extend  previous  test  data  and 
observations  to  realistic,  large-compartment  aircraft  fires.  Additional  fuels 
and  geometries  were  tested.  Only  a  limited  number  of  tests  could  be  run 
before  fire  damage  to  the  aircraft  presented  a  hazard. 

EXPERIMENTAL  METHOD 

The  full-scale  fire  tests  were  conducted  in  the  main  body  compartment  of 
a  HC-131A  aircraft.  The  fuel  pans.  Class  A  and  B  combustibles,  thermocouples, 
oxygen  injectors,  agent  applicators,  and  video  camera  were  arranged  as  shown 
in  Figures  17  and  18.  The  two  0.4  i#  (4  ft^ )  fuel  pans  contained  approxi¬ 
mately  9.5  liters  (2.5  gallons)  of  JP-4  each.  The  0.7  m^  (8  ft^)  pan  con¬ 
tained  19  liters  (S-gallons)  of  JP-4.  The  chair  consisted  of  typical  aircraft 
Class  A  combustibles,  such  as  foam  and  synthetic  fabrics,  bound  to  a  metal 
frame.  Oxygen  was  supplied  to  the  injectors  from  a  liquid  oxygen  Dewar  flask. 
Flow  was  controlled  by  an  inline  ball  valve.  The  oxygen  was  injected  at  the 
fuel  surface  level  or  approximately  0.6  meters  (two  feet)  above  the  fuel  pans 
depending  on  the  test.  Again,  the  oxygen  delivery  system  was  designed  to 
simulate  the  flow  rate  expected  from  a  ruptured  7.9-millimeter  (5/16-inch) 
oxygen  line.  Two  simulated  penetrator  tips  were  used  inside  of  the  aircraft 
to  apply  Halon.  The  test  nozzle  was  connected  to  a  227-kilogram  (500-pound) 
Halon  1211  tank  on  an  XP-13  fi retruck.  The  second  was  a  backup  penetrator 
connected  to  a  73-kilogram  (160-pound)  portable  Halon  1211  tank.  This  pene¬ 
trator  was  pointed  directly  at  the  fuel  pans  from  above.  An  AFFF  line  from 
the  XP-13  fi retruck  was  positioned  near  the  camera  box  located  in  the  tail 
section  of  the  aircraft.  This  line  was  to  be  used  for  cooling  the  inside  of 
the  aircraft  if  necessary.  During  most  tests,  Halon  was  injected  through  the 
simulated  penetrator  nozzle  either  in  front  or  behind  the  fuel  pan.  In  one 
test,  a  Halon  handline  nozzle  located  near  the  front  stairwell  was  used  to 
apply  Halon.  Tests  were  performed  with  both  the  cargo  and  passenger  doors 
closed  and  open. 


Thermocouples 


Figure  18.  Thermocouple  Arrangement  on  HC  131A  Full-scale  Tests. 


Thermocouples  were  used  because  smoke  obscured  the  view  of  the  video 
camera  during  tests  and  the  only  way  to  tell  if  the  fire  had  been  suppressed 
was  by  watching  the  thermocouple  readings.  The  thermocouple  also  gave  a  time- 
temperature  history  inside  of  the  aircraft  which  may  be  useful  in  other 
areas. 

The  procedure  used  during  full-scale  tests  was  similar  to  that  used  for 
large-scale  tests.  The  major  difference  in  procedure  was  that  in  the  full- 
scale  tests  the  timing  of  oxygen  feed  and  agent  application  was  determined  by 
thermocouple  readings  and  a  fixed-time  interval.  Oxygen  feed  was  initiated 
5  seconds  after  thermocouple  02  reached  538®C  (1000“F)  and  Halon  application 
began  after  15  seconds  of  oxygen  preburn. 

TEST  RESULTS 

The  Halon  suppression  results  are  shown  in  Table  9.  As  shown  from  the 
results,  all  fires  were  relatively  easy  to  suppress  when  the  aircraft  was 
sealed.  This  helped  to  confirm  the  belief  that  the  additional  oxygen  had 
little  effect  on  the  fire.  The  fire  was  more  intense  when  the  o;vgen  was 
injected  close  to  the  fuel  level  but  was  still  readily  extinguished. 
Calculations  showed  there  is  enough  air  on  the  aircraft  to  burn  approximately 
14  kilograms  (30  pounds)  of  fuel  stoichiometrically.  Each  test  started  with 
approximately  27  kilograms  (60  pounds)  of  fuel.  Theoretically  there  was  more 
fuel  onboard  than  can  be  consumed  by  air  inside  the  aircraft.  Fourteen 
kilograms  (30  pounds)  is  a  small  amount  of  fuel  when  compared  to  the  amount  of 
combustibles  onboard  the  airplane.  To  see  how  long  it  would  take  to  burn  this 
much  fuel  inside  the  aircraft  and  to  see  if  more  fuel  would  be  consumed,  the 
aircraft  was  sealed  as  tightly  as  possible  and  a  fire  was  ignited  in  the  fuel 
pans.  During  the  test  (Test  9),  the  fire  burned  itself  out.  By  watching  the 
thermocouple  readings  located  inside  the  aircraft,  it  was  determined  that  the 
fire  burned  for  72  seconds  before  burnout  occurred.  After  the  test,  fuel 
consumption  was  measured  at  12  kilograms  (25.6  pounds).  This  was  close  to  the 
14  kilograms  (30  pounds)  calculated.  The  Air  Force  and  firefighters  use  a 
figure  of  60  seconds  till  burn-through  as  an  average  time  before  a  fire  will 
burn  through  the  outer  skin  of  an  aircraft.  In  the  case  just  discussed,  the 
fire  would  probably  have  burned  through  the  outer  skin  and  destroyed  the 
aircraft. 


A  description  of  each  of  the  full-scale  tests  follows.  Complete  tempera¬ 
ture  data  for  these  tests  are  contained  in  Appendix  B. 

Tests  1  and  2 

In  Tests  1  and  2,  the  system  was  checked  out. 

Test  3 

In  Test  3,  the  penetrator  was  located  3  meters  (9  feet)  in  front  of 
the  fuel  pans.  The  o;o'9en  injectors  were  located  558  millimeters  (22  inches) 
above  the  floor.  The  Aircraft  was  sealed  during  the  test  and  Halon  1211  was 
injected  into  the  fuselage  for  25  seconds.  There  was  a  10-second  preburn  and 
a  10-second  oxygen  burn  before  suppression  started.  The  fire  was  suppressed 
before  the  Halon  and  oio'gen  were  shut  off.  The  chair  was  not  burned. 

Test  4 

In  Test  4,  the  penetrator  was  located  3  meters  (9  feet)  in  front  of 
the  fuel  pans.  The  oi^'gen  injectors  were  located  558  millimeters  (22  inches) 
above  the  floor.  The  aircraft  was  sealed  during  the  test  and  Halon  1211  was 
injected  into  the  fuselage  for  30  seconds.  The  preburn  continued  until  ther¬ 
mocouple  02  reached  538®C  (lOOO^F)  at  which  point,  an  additional  10  seconds  of 
oxygen  was  introduced  into  the  aircraft.  The  fire  was  suppressed  before  the 
Halon  and  oxygen  were  shut  off.  The  cloth  on  the  chair  was  lightly  burned. 

Test  5 

In  Test  5,  the  penetrator  was  located  3  meters  (9  feet)  in  front  of 
fuel  pans.  The  oxygen  injectors  were  located  152  millimeters  (6  inches)  above 
the  floor.  The  aircraft  was  sealed  during  the  test  and  Halon  1211  was 
injected  into  the  fuselage  for  17  seconds.  There  was  a  20-second  preburn  and 
a  10-second  oxygen  burn  before  suppression  started.  The  Halon  and  oxygen  were 
shut  off  when  suppression  was  obtained.  Holes  were  burned  through  the  cloth, 
charring  the  foam  in  places.  Thermocouple  temperature  readings  from  the  test 
are  shown  in  Figure  19. 
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Figure  19.  Time  and  Temperature  History,  Full-Scale  Te^t  5. 


In  Test  6,  the  penetrator  was  located  3  meters,  102  millimeters 
(10  feet,  4  inches)  behind  the  fuel  pans.  The  o;vgen  injectors  were  located 
152  millimeters  (6  inches)  above  the  floor.  The  aircraft  was  sealed  during  the 
test.  During  the  test,  Hal  on  1211  was  injected  into  the  fuselage  for 
10  seconds.  The  preburn  continued  until  thermocouple  02  reached  538®C 
(lOOO^F),  and  an  additional  15  seconds  of  o;vgen  was  introduced  into  the 
aircraft.  The  Hal  on  and  oxygen  were  shut  off  when  suppression  was  obtained. 
Holes  were  burned  through  the  cloth  on  the  chair  charring  the  foam  in  places. 
Thermocouple  temperature  readings  from  the  test  are  shown  in  Figure  20. 

Test  7 

In  Test  7,  a  handline  from  the  XP-13  fi retruck  was  placed  inside  the 
aircraft  by  the  stairwell  door.  The  handline  nozzle  was  turned  to  the  full- 
stream  position  and  mounted  7  meters  (23  feet)  from  the  fuel  pans.  The  oxygen 
injectors  were  located  152  meters  (6  inches)  above  the  floor.  The  front  door 
on  the  aircraft  was  open.  During  the  test,  Hal  on  1211  was  injected  at  the  rate 
of  2.5  kg/s  (5.5  Ib/s)  for  15  seconds  into  the  fuselage.  The  preburn  continued 
until  thermocouple  02  reached  538*0  (1000“F)  at  which  point  an  additional 
15  seconds  of  oxygen  was  introduced  into  the  aircraft.  The  oxygen  and  Hal  on 
were  shut  off  when  suppression  was  obtained.  The  cloth  on  the  chair  was 
lightly  burned.  The  oxygen  preweight  was  250  kilograms  (552.0  pounds).  The 
postweight  was  248  kilograms  (547.0  pounds). 


Fuel  loss 

Preweight, 
kg  (lb) 

Postweight, 
kg  (lb) 

Weight  loss, 
kg  (lb) 

Left  0.4  1#  (4  ft? )  pan 

35 

(77.3) 

33 

(73.0) 

2 

(4.3) 

Right  0.4  (4  ft^ )  pan 

37 

(81.5) 

36 

(79.1) 

1 

(2.4) 

Center  0.7  n?  (8  ft^)  pan 

61 

(133.4) 

57 

(125.0) 

4 

(8.4) 

Total 

7 

(15.1) 

Test  8 

In  Test  8,  the  penetrator  was  located  3  meters,  102  millimeters 
(10  feet,  4  inches)  behind  the  fuel  pans.  The  oxygen  injectors  were 
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152  millimeters  (6  Inches)  above  the  floor.  Both  doors  were  open  during  the 
test.  During  the  test,  Hal  on  1211  was  Injected  at  the  rate  of  2.4  kg/s 
(5.4  Ib/s)  Into  the  fuselage  for  15  seconds.  At  this  point  the  Halon  had  no 
effect  on  the  fire.  The  oxygen  was  shut  off  and  an  additional  15  seconds  of 
Halon  was  added.  The  preburn  continued  until  thermocouple  02  reached  538“C 
(lOOG^F),  at  which  point  an  additional  15  seconds  of  oxygen  was  Introduced  Into 
the  aircraft.  The  fire  was  hot  and  Intense.  Following  suppression  reignition 
occurred  and  more  Halon  was  required.  The  chair  was  completely  burned.  The 
oxygen  preweight  was  243  kilograms  (535  pounds).  The  postweight  was  240  kilo¬ 
grams  (530  pounds). 


Fuel  loss 

Preweight, 
kg  (lb) 

Postweight, 
kg  (lb) 

Weight 

kg 

loss, 

(lb) 

Left  0.4  vf-  (4  f"^ )  pan 

35 

(76.1) 

31 

(68.5) 

3.4 

(7.6) 

Right  0.4  m?  (4  ft^ )  pan 

37 

(81.0) 

33 

(72.5) 

3.9 

(8.5) 

Center  0.7  m?  (8  ft^ )  pan 

67 

(147.5) 

59 

(130.5) 

8 

(7.0) 

Total 

10.0 

(23.1) 

Test  9 

In  Test  9,  no  Halon  or  oxygen  was  Injected.  The  aircraft  was  sealed 
as  tight  as  possible  and  allowed  to  burn  until  suppression  occured.  Suppres¬ 
sion  occured  72  seconds  after  the  start  of  the  fire. 


Fuel  loss 

Preweight, 
kg  (lb) 

Postweight, 
kg  (lb) 

Weight  loss, 
kg  (lb) 

Left  0.4  (4  ft^)  pan 

34 

(75.7) 

32 

(69.7) 

3 

(6) 

Right  0.4  (4  ft? )  pan 

34 

(75.7) 

32 

(71.0) 

2 

(4.7) 

Center  0.7  (8  ft^)  pan 

65 

(143.2) 

58 

(128.3) 

_7 

(14.9) 

Total 

12 

(25.6) 

Thermocouple  temperature  readings  from  the  test  are  shown  In  Figure  21. 
Test  10 

In  Test  10  the  penetrator  was  located  3  meters,  102  millimeters 
(10  feet,  4  Inches)  behind  the  fuel  pans.  The  oxygen  Injectors  were 


Figure  21.  Time  and  Temperature  History,  Full-Scale  Test  9. 


152  millimeters  (6  inches)  above  the  floor  with  both  doors  open.  During  the 
test,  Halon  2402  was  injected  into  the  fuselage.  The  Halon  2402  was  stored  in 
a  modified  CB  tank  pressurized  to  1  MPa  (150  Ib/in^).  The  initial  weight  of 
the  Halon  was  82  kilograms  (180  pounds).  After  the  preburn  the  Halon  2402  line 
was  left  opened  until  the  tank  was  empty.  The  preburn  continued  until 
thermocouple  02  reached  538®C  (1000°F)  at  which  point  an  additional  15  seconds 
of  oxygen  was  introduced  into  the  aircraft.  The  oxygen  was  turned  off  after 
the  fire  had  been  suppressed.  There  was  no  reignition  of  the  fire.  The  chair 
was  completely  burned.  The  oxygen  loss  preweight  was  232  kilograms 
(511  pounds).  The  oxygen  postweight  was  229  kilograms  (505  pounds). 


Fuel  loss 

Preweight, 
kg  (lb) 

Postweight, 
kg  (lb) 

Weight  loss, 
kg  (lb) 

Left  0.4  m?  (4  ft^)  pan 

35 

(77.0) 

33 

(71.7) 

3 

(5.3) 

Right  0.4  m^  (4  ft^ )  pan 

36 

(78.5) 

33 

(72.0) 

3 

(6.5) 

Center  0.7  m^  (8  ft^)  pan 

65 

(144.0) 

61 

(133.8) 

_5 

(10.2) 

Total 

10 

(22.0) 

Thermocouple  temperature  readings  from  the  test  are  shown  in  Figure  22. 
CONCLUSIONS 

If  a  fire  in  an  atmosphere  with  or  without  oxygen  enrichment  is  detected 
on  an  aircraft  and  is  suppressed  while  it  is  still  contained  inside  the  air¬ 
craft,  it  can  be  extinguished  with  the  penetrator  tool.  If  the  compartment  is 
damaged,  cooling  is  important.  Halon  2402  was  shown  to  have  a  greater 
knockdown  ability  than  Halon  1211. 

Also,  the  more  dense  Halon  2402  was  not  drafted  away  from  the  fire  as 
easily  as  other  Halons.  In  the  worst  case,  where  the  fire  has  burned  through 
the  skin  and  has  become  fully  developed,  extinguishing  this  fire  will  be  diffi¬ 
cult.  In  all  cases,  cooling  the  inside  of  the  aircraft  is  important.  The 
penetrator  tool  has  proven  to  be  important  in  fighting  aircraft  fires.  In  all 
cases,  the  amount  of  air  available  to  the  fire  must  be  reduced  and  a  sealed 
aircraft  must  not  be  entered  while  it  is  still  hot.  Upon  opening  the  door,  air 
will  be  drafted  into  the  fuel-rich  atmosphere  and  cause  reignition  or, possibly, 
an  explosion. 


Thermocouple 

Thermocouple 
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An  assessment  of  the  Information  obtained  during  this  experiment  shows 
the  worst-case  fire  to  be  one  in  which  air  can  be  drafted  over  the  fire.  This 
effect  is  aggravated  by  the  velocity  and  turbulence  caused  by  a  broken  oxygen 
line.  The  effect  of  the  oj^gen  enrichment  is  small  once  a  hole  is  burned 
through  the  skin  of  the  aircraft  and  the  fire  has  become  fully  established. 

At  this  time,  the  fire  sets  up  a  strong  current,  pulling  air  into  the  fire. 

If  the  aircraft  has  reached  this  point,  the  fire  will  be  difficult  to 
extinguish  and  cooling  inside  the  burning  compartment  will  be  critical. 

To  test  the  drafting  effect  from  the  o;vgen  jets.  Test  8  was  conducted 
with  both  aircraft  doors  open.  If  drafting  occurred,  air  would  be  pulled  in 
one  door,  pushed  across  the  fire,  and  exhausted  out  the  other  door.  There 
would  also  be  a  large  increase  in  the  intensity  of  the  fire.  This  is  unlike 
the  calculational  results  from  NBS/Harvard  because  of  the  forced  flows  from 
the  oxygen  injectors.  Since  the  fuel  pans  were  located  by  the  cargo  door,  a 
direct  visual  inspection  of  the  fire  could  be  made.  A  video  system  next  to 
the  aircraft  door  was  set  up  to  film  the  fire,  which  was  intense  and  aggres¬ 
sive.  During  the  test,  Halon  1211  was  injected  behind  (towards  the  tail 
section)  the  fuel  pans  and  had  little  or  no  effect  on  the  fire.  The  oxygen 
was  then  shutoff  and  the  fire  was  quickly  suppressed.  Halon  needed  to  be 
reinjected  several  times  as  the  fire  reignited  several  times.  Eventually, 
enough  cooling  occured  to  extinguish  the  fire.  In  examining  the  videos,  the 
Halon  1211  seemed  to  ride  up  over  the  fire  and  not  react  with  the  base  of  the 
fire.  Halon  2402  was  used  in  a  second  test.  Halon  2402,  with  its  high 
density  and  boiling  point,  was  expected  to  penetrate  the  fire  and  suppress  it. 
During  the  test,  Halon  2402  did  suppress  the  fire  while  the  oxygen  was  flow¬ 
ing.  After  suppression  the  oxygen  was  shutoff  and  reignition  did  not  occur. 
Watching  the  reaction  between  the  fire  and  Halon  2402,  indicated  that  suppres¬ 
sion  was  attained  by  only  a  slim  margin.  Comparing  Halon  2402  to  Halon  1211 
showed  a  substantial  difference  between  the  two  Halons  in  this  configuration. 

An  examination  of  the  response  of  the  thermocouples  in  Test  5  as  the  test 
progresses  through  the  completion  (Figure  18)  shows  that  as  the  fire  burns 
before  the  ojo'gen  is  injected,  thermocouple  02  picks  up  the  highest  tempera¬ 
ture  inside  the  aircraft.  As  the  oxygen  flow  starts,  the  rate  of  increase  on 
02  is  temporarily  reduced  because  the  oj^gen  jets  physically  blow  the  fire 
over.  Thermocouples  02  and  05  then  rise  quickly  as  they  pick  up  the  heat 
from  the  enriched  fire.  Halon  injection  causes  the  temperature  measured  by 


thermocouple  02  to  drop  almost  Immediately  while  the  temperature  measured  by 
thermocouple  05  peaks  and  starts  to  drop.  The  drop  in  temperature  measured  by 
thermocouples  02  and  05  signal  the  suppression  of  the  fire.  Heat  drafting  off 
the  fire  and  injection  of  the  oxygen  and  Hal  on  mix  the  atmosphere  inside  the 
aircraft.  This  can  be  seen  by  the  relatively  constant  temperature  at  all  of 
the  thermocouples  during  the  cool-down  period.  The  amount  of  time  needed  to 
cool  down  the  aircraft  makes  it  necessary  to  keep  the  aircraft  sealed.  If  the 
aircraft  had  not  been  sealed,  a  constant  injection  of  Halon  would  have  been 
required  to  keep  the  fire  suppressed.  Reignition  can  and  will  occur  if  the 
concentration  of  Halon  drops.  If  the  supply  of  Halon  is  exhausted,  reignition 
can  only  be  stopped  by  cooling  the  inside  of  the  aircraft  with  AFFF  or  water. 
Besides  cooling  the  aircraft  the  spray  will  saturate  and  extinguish  glowing 
embers  on  Class  A  materials.  Care  must  be  taken  in  this  case  to  avoid  the 
formation  of  pockets  of  oxygen.  It  is  safer  to  keep  the  aircraft  sealed  and 
inject  Halon  to  keep  the  atmosphere  inert.  The  penetrator  tool  can  be  used  to 
spray  AFFF  to  cool  the  interior  of  the  plane.  This  can  be  expecially  advan¬ 
tageous  if  weapons  or  special  equipment  need  to  be  immediately  cooled.  In 
this  case,  the  penetrator  tool  can  quickly  drill  through  the  aircraft  skin  and 
spray  AFFF  directly  on  the  equipment. 


SECTION  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 

Small-scale  laboratory  tests  were  performed  to  quantitatively  measure 
Halon  requirements  for  flame  extinguishment  and  ignition  prevention  in  atmos¬ 
pheres  ranging  from  17.6  to  100  percent  oxygen.  The  test  results  were 
compared  to  previously  published  data  with  reasonable  agreement.  The  tests 
extended  the  available  data  to  additional  Halons  and  fuels.  For  all  of  the 
Halons  tested,  the  small-scale  results  confirmed  the  extremely  rapid  rise  in 
Halon  concentrations  required  to  extinguish  or  prevent  ignition  of  fires  as 
oi^gen  concentration  increases.  A  minimum  500-percent  increase  in  Halon  was 
required  to  accomplish  the  same  effect  in  an  atmosphere  containing  40  percent 
oi^gen  over  what  was  required  in  an  atmosphere  containing  21  percent  oxygen. 

No  one  Halon  appeared  to  be  less  effected  by  increased  oxygen  concentration 
than  any  of  the  others. 

Medium-scale  tests  in  a  3-foot  diameter  horizontal  cylinder  showed  that 
the  same  relationships  for  Halon  requirements  observed  in  laboratory  fires 
held  true  for  larger  fires.  In  a  40-percent  oxygen  60-percent  nitrogen  atmos¬ 
phere,  between  12  percent  and  17  percent  Halon  was  required  to  extinguish  JP-4 
fires.  The  rapid  depletion  of  oxygen  enrichment  was  first  noted  in  medium- 
scale  fires,  where  the  fire  burned  intensly  at  the  leading  edge  of  the  fuel 
pan,  but  rapidly  decreased  in  intensity  towards  the  trailing  edge  of  the  fuel 
pan.  This  suggested  the  possibility  of  suppressing  the  fire  with  a  high  Halon 
concentration  at  the  oxygen/fire  interface  using  local  application  of  partial 
flooding  techniques. 

The  large-scale  B-52  tests  presented  realistic,  small -compartment  oxygen- 
enriched  fire  environments  found  in  damaged  airframes.  These  fires  proved  to 
be  the  most  difficult  to  extinguish  of  all  of  the  fires  in  the  tests  per¬ 
formed.  The  partially  open  compartment  provided  a  reac(y  supply  of  fresh  air 
which  was  drafted  into  the  fire  by  the  oxygen  jet  and  the  natural  draft  of  the 
fire.  These  fires  were  very  intense.  The  Halons  applied  to  the  B-52  fires 
were  drafted  away  almost  immediately  allowing  reignition  to  occur  as  soon  as 
the  Halon  flow  stopped.  Application  technique  proved  critical  in  these  tests, 
particularly  for  Halon  1211  where  a  counterflow  application  was  difficult. 
These  tests  demonstrated  the  need  for  early  detection  and  extinguishment  of 
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the  fire  with  Halon  if  reignition  was  to  be  prevented.  If  the  fire  was  well- 
established,  supplemental  internal  cooling  was  required  to  achieve  extinguish¬ 
ment.  Considering  the  1-D  quality  of  AFFF  and  the  need  for  direct  access  by 
PKP,  AFFF  and  PKP  both  proved  effective  in  extinguishing  the  OEA  fires, when 
injected  into  the  fire  compartment. 

The  full-scale  fire  tests  performed  in  the  C-131A  aircraft  proved  to  be 
less  difficult  to  extinguish  than  the  B-52  fires.  Two  reasons  were  identi¬ 
fied.  When  the  large  aircraft  compartment  was  sealed  the  air  contained  in  the 
fuselage  was  sufficient  to  stoichiometrically  burn  only  half  of  the  fuel 
onboard  for  the  test.  A  test  was  performed  without  oxygen  enrichment  and 
the  fuel  fire  actually  burned  itself  out  in  approximately  1  minute.  When 
oxygen  was  injected,  a  small  area  of  intense  flame  was  produced  where  the 
supplemental  o;o'gen  was  completely  consumed.  Because  of  the  large  compartment 
volume  the  surface  temperatures  rose  much  more  gradually  than  had  occurred  in 
the  B-52  fires.  When  the  large  compartment  was  sealed  extinguishment  was 
possible  using  total  flooding  from  any  place  in  the  compartment.  When  the 
cargo  and  personnel  doors  were  open  the  fire  became  much  more  intense  and 
direct  application  of  the  Halon  to  the  fire/oxygen  interface  became  essen¬ 
tial. 

Testing  shows  that  the  penetrator  tool  is  a  distinct  advantage  when 
fighting  aircraft  fires.  As  a  result  of  its  ability  to  apply  agents  close  to 
the  base  of  a  fire,  agent  concentrations  sufficient  to  suppress  an  OEA  fire 
can  be  obtained.  Testing  also  shows  that  the  amount  of  Halon  on  a  crash  res¬ 
cue  truck  is  sufficient  to  extinguish  an  oxygen-enriched  fire  in  an  airplane 
of  a  size  up  to  and  including  a  C-141,  as  long  as  the  outer  skin  of  the  plane 
is  intact.  Application  of  agent  with  a  penetrator  tool  on  a  compartmental¬ 
ized  aircraft  requires  penetration  and  agent  application  within  the  specific 
compartment  containing  the  fire.  In  this  case,  the  location  of  the  penetra¬ 
tion  is  exceedingly  important.  The  location  of  the  penetration  for  wi de-body 
(noncompartmentalized)  aircraft  is  not  as  critical;  although,  better  extin¬ 
guishment  is  obtained  with  application  nearer  to  the  fire. 

With  nonintegral  skin,  owing  to  crash  or  fire  damage,  extinguishment  of 
OEA  fires  is  very  difficult.  The  less  intact  the  skin  is,  the  more  difficult 
the  extinguishment  becomes.  Testing  shows,  however,  that  with  application  of 
agent  through  a  penetrator  tool,  suppression  can  usually  be  obtained  even  with 


damaged  aircraft.  The  major  problem  encountered  with  damaged 
aircraft  is  reignition  after  agents  have  drafted  out  of  the 
plane  through  damaged  areas  in  the  skin.  Cooling  of  the 
interior  of  damaged  aircraft  can  prevent  reignition.  Thus,  a 
two-pronged  approach  is  needed  to  extinguish  a  fire  in  a  damaged 
aircraft.  First,  the  fire  must  be  suppressed.  HALONs  show  a 
clear  superiority  to  other  extinguishing  agents  in  fire 
suppression.  Second,  the  inside  of  the  plane  must  be  cooled 
before  enough  HALON  has  escaped  to  allow  the  fire  to  reignite. 

Owing  to  the  large  volume,  the  addition  of  oxygen  to  wide- 
body  aircraft  has  relatively  little  effect  on  the  overall  oxygen 
concentration.  In  a  compartmentalized  plane,  oxygen 
concentrations  can  rise  quickly  to  give  a  large  increase  in  burn 
rate.  Compartments  also  allow  for  an  increase  in  HALON 
concentration  to  enhance  extinguishment. 

Teats  show  that  AFFF  can  be  applied  with  the  penetrator  tool 
to  give  OEA  fire  extinguishment.  However,  only  directly 
accessible  fires  are  extinguished  with  AFFF.  In  all  cases,  AFFF 
cooled  the  inside  of  the  plane  in  the  full-scale  tests  and 
extinguished  directly  accessible  Class  A  fires. 

Based  on  the  above  information,  the  following  procedures  are 
recommended  to  fight  aircraft  fire  for  both  OEA  and  standard 
conditions: 

1.  Determine  the  location  of  the  interior  fire.  Insert  the 
penetrator  tool  as  close  to  the  fire  as  possible  and  apply  HALON 
1211. 

2.  Apply  AFFF  or  water  to  the  exterior  of  the  skin  to  cool 
the  aircraft  to  prevent  skin  burn  through. 

3.  When  HALON  1211  has  extinguished  the  fire,  cool  the 
interior  of  the  aircraft  to  prevent  reignition. 


5.  If  the  skin  is  damaged,  cool  the  interior  of  the  plane  quickly  with 
AFFF  of  water  to  prevent  reignition.  The  penetrator  tool  may  be  used  to  apply 
interior  cooling.  Employ  additional  shots  of  Halon  to  continue  suppression 
during  the  interior  cooling  if  necessary.  If  the  Halon  supply  has  been 
depleted,  continue  applying  AFFF  or  water  to  the  interior. 
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and  flammability  properties  for  over  90  lubricants  and  hydraulic  fluids.  Data 
is  presented  for  fluids  in  air,  oxygen,  and  oxygen-nitrogen  atmospheres  at 
pressures  from  1/8  to  1000  atmospheres  using  a  variety  of  ignition  sources. 

24.  Litchfield,  E.  L.,  and  Kubala,  T.  A.,  "Flammability  of  Fabrics  and  Other 
Materials  in  Oxygen-Enriched  Atmospheres,"  Fire  Technology,  (no 

date). 

The  electrical  energy  required  to  ignite  certain  solids  in  air  and  oxygen 
at  both  atmosphere  and  hyperbaric  pressures  were  examined. 

25.  Litchfield,  E.  L.,  and  Perlee,  H.  E.,  Fire  and  Explosion  Hazards  of 
Flight  Vehicle  Combustibles,  AFAPL-TR-65-28,  AD  614694,  Bureau  of 
Mines,  U.S.  Department  of  the  Interior,  Air  Force  Aero  Propulsion 
Laboratory,  Wright-Patterson  AFB,  Ohio,  March  1965. 

Liquid  hydrogen  +  solid  oxygen  +  diluent  and  liquid  oxygen  +  solid  hydro¬ 
carbon  +  diluent  systems  were  investigated  for  shock  sensitivity  and  explosive 
yield  with  both  gaseous  and  solid  powder  diluents.  Haligenated  hydrocarbons 
were  also  considered. 

26.  Manheim,  J.  R.,  Evaluation  of  Halon  1301  for  Fire  Suppression  In 
Oxygen-Enriched  Atmospheres,  Air  Force  Aero  Propulsion  Laboratory,  Air 
Force  Systems  Command,  Wright-Patterson  AFB,  Ohio,  (no  date). 

This  report  documents  the  evaluation  of  Halon  1301  as  a  candidate  extin¬ 
guishing  agent  for  fires  in  hypobaric  oxygen-enriched  atmospheres.  Perfor¬ 
mance  criteria  for  agent  evaluation  and  characteristics  of  Halon  1301  are 
discussed.  Two  series  of  tests  were  performed.  The  first  series  investigated 
the  ignition  limits  of  combustible  materials  in  premix  oxygen-hel ium- 
Halon  1301  atmospheres.  The  second  investigated  the  effects  of  discharge  rate 
on  fire  suppression.  This  research  quantitatively  established  the  fire  sup¬ 
pression  effectiveness  of  Halon  1301  for  a  variety  of  atmospheres  (oxygen 
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concentration  and  total  pressure)  in  total  flooding  applications,  agent  con¬ 
centration  and  discharge  rate  were  shown  to  depend  on  material  type,  oxygen 
concentration,  and  total  atmosphere  pressure. 

27.  McHale,  E.  T.,  Hydrogen  Suppression  Stu(ly  and  Testing  of  Halon  1301- 
Phases  I  and  II,  MA-RD-920-77035,  Department  of  Commerce,  Atlantic 
Research  Corporation,  Alexandria,  Virginia,  December,  1976. 

This  report  describes  the  evaluation  of  the  feasibility  of  employing  a 
Halon  1301  explosion  suppression  system  for  maritime  nuclear  reactors.  The 
quantity  of  Halon  1301  required  to  inert  H2,  O2,  N2  mixtures  was  measured. 

The  results  of  this  study  support  the  concept  of  using  Halon  1301. 

28.  Review  of  Factors  Affecting  Ignition  of  Metals  in  High-Pressure  Oxygen 
Systems,  TMX-67201,  NASA  Manned  Spacecraft  Center,  Houston,  Texas, 

October  1970. 

Sufficient  work  was  performed  to  permit  the  following  observations: 

1)  Ignition  temperatures  of  metals  in  LOX  is  independent  of  pressure, 
convection,  and  oxygen  percentage. 

2)  The  effect  of  halogen  impurities  on  the  ignition  temperature  of  metals 
cannot  be  determined  from  existing  data. 

3)  Ignition  temperatures  appear  to  be  depressed  by  impurities. 

29.  Robertson,  A.  F.,  and  Rappaport,  M.  W.,  Fire  Extinguishment  in  Oxygen- 
Enriched  Atmospheres,  NASA  CR-121150,  National  Bureau  of  Standards, 

Fire  Technology  Division,  NASA,  Washington,  D.C.,  February  1973. 

Current  state-of-the-art  of  fire  suppression  and  extinguishment  tech¬ 
niques  in  oxygen-enriched  atmospheres  were  reviewed.  Four  classes  of  extin¬ 
guishment  action  were  identified.  Fast-acting  water  spray  systems  are 
preferred  for  ground-based  applications. 

30.  Roth,  E.  M.,  Space  Cabin  Atmospheres,  Part  II-Fire  and  Blast  Hazards, 

NASA  SP-48,  NASA,  Washington,  D.C.,  1964. 

This  report  provides  a  summary  of  the  open  literature  in  the  field. 
Definitions  of  ignition,  flame  propagation,  detonation,  flame  extinguishment, 
and  environmental  factors  are  reviewed  and  the  effects  of  atmospheric  environ¬ 
ment  on  the  flammability  of  solids,  liquids,  and  gases  as  well  as  electrical 
fire  hazards  are  presented.  The  fire  and  blast  hazards  from  meteoroid  pene¬ 
tration  are  discussed.  Problems  of  fire  prevention  and  extinguishment  in 
space  cabins  and  the  role  of  fire  and  blast  hazard  in  the  selection  of  space- 
cabin  atmospheres  are  presented. 

31.  Somerville,  G.  R.,  Fire  Control  Feasibility  Study,  SWRI  Project 
No.  01-2114-01,  NASA  Manned  Spacecraft  Center,  Southwest  Research 
Institute,  Houston,  Texas,  June  1967. 

Foamed  Aqueous  gels  were  developed  and  proved  effective  in  combatting 
fires  in  pure  oxygen  atmospheres.  Several  materials  were  found  to  signifi¬ 
cantly  retard  fire  spread. 
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32.  Somerville,  G.  R.,  Prototype  Apollo  Fire  Extinguisher,  NASA  CR-92233, 

NASA  Manned  Spacecraft  Center,  Southwest  Research  Institute,  Houston, 
Texas,  March  1966. 

A  fire  extinguisher  for  use  in  zero-g  and  Apollo  spacecraft  environments 
was  designed,  fabricated,  and  evaluated. 

33.  Tewarson,  A.,  Lee,  J.  L.,  and  Pion,  R.  F.,  The  Influence  of  Oxygen  Con¬ 
centration  on  Fuel  Parameters  for 'Fire  Modeling,  Factory  Mutual 
Research  Corporation,  Norwood,  Massachusetts,  1981  (18th  Symposium  on 
Combustion,  The  Combustion  Institute). 

The  influence  of  oxygen  concentration  on  mass  loss  rate,  combustion  effi¬ 
ciency,  convective  and  radiative  fractions  of  heat  of  combustion,  and  yields 
of  CO^ ,  CO,  soot,  and  low-vapor-pressure  liquid  products  for  pool  fires  of 
various  sizes  and  fuels  is  described. 

34.  White,  E.  L.,  and  Ward,  J.  J.,  Ignition  of  Metals  in  0;^gen,  OMIC 
Report  224,  Office  of  the  Director  of  Defense  Research  and  Engineering, 
Defense  Metals  Information  Center,  Columbus,  Ohio,  February  1966. 

The  ignition  of  metals  in  oxygen  and  oxygen  atmospheres  was  reviewed  with 
respect  to  a)  methods  that  have  been  used  to  study  behavior,  b)  experimental 
values  that  have  been  obtained,  c)  the  status  of  theories  that  permit  the 
calculation  of  ignition  temperatures. 
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